List of amino acids protonated for QM/MM calculations
The following amino acids were protonated to generate an overall neutral system for the QM/MM calculations.
Titrable amino acids were chosen that are at least 17.5 Å apart from the QM region and are not engaged in salt bridges or in H-bonds with polar residues.
E360 pathway:
D6, D10, E22, E25, D130, E131, D134, E201, E206, D221, D262, D270, E298, D328, D380, D382, D383, D403
E244 pathway:
D10, D15, E25, E127, E131, D134, D139, D198, E201, D221, D222, D262, E298, D328, E360 D380, D382, D383
S6

Description of ABF setup
We utilized the adaptive biasing force (ABF) method to determine the barrier for a crucial crystal water molecule (CRW2) to traverse along the I-helix, from the region entered after 20 ns of the molecular dynamics (MD) simulation (see main paper) back to its initial position in the crystal structure. As starting point of the ABF calculation, we thus selected a random snapshot at 28.61
ns from the MD run. The potential of mean force (PMF) was calculated along a collective reaction coordinate ξ, which was defined as the projection of the distance of CRW2 from a reference point onto an axis perpendicular to the main axis of the I-helix. More precisely, the distance of CRW2 was measured from its center of mass at the current position to a reference position close to its crystallographic location, and the axis was taken as a constant vector formed by joining the mid point between the O3 and O5 atoms of substrate DEB and the midpoint of the Cα atoms of G242 and S246 (the i and i+4 position of the I-helix). With these conventions, the distance traversed by CRW2 during the ABF calculation was about 5.2 Å. To restrict the accessible range of distances during the simulation, a half-harmonic potential of 20 kcal/mol was added at the two boundaries (i.e., at 0 and 5.2 Å, respectively). We note that this may affect the computed PMF close to the boundaries (see Figure 4 of the main paper).
The following procedure was adopted for the ABF calculation. The snapshot at 28.61 ns was subjected first to 5000 steps of conjugate gradient (CG) minimization to eliminate any unphysical contacts. Next, water and ions were equilibrated in the NVT ensemble for 200 ps while keeping the protein, oxyheme, and DEB fixed. This was followed by 5000 steps of CG minimization and 200 ps equilibration in the NPT ensemble with the protein backbone harmonically restrained (5 kcal・mol -1 ・Å -2 ). During all these simulations, the oxyferrous complex, DEB, and the coordinated side chain of C351 were kept fixed at their positions in the S7 crystal structure. With the protein appropriately solvated, subsequent simulations were carried out for 5 ns allowing the protein, water, and the ions to relax around the oxyferrous and DEB moieties. This was followed by a 15 ns ABF calculation in the NPT ensemble. Utilizing the reaction coordinate and the conventions described above, simulations were performed at intervals of 5 ns until the PMF was converged to within 0.5 kcal/mol. No bias was applied in the first 500 steps of the ABF simulation to avoid non-equilibrium effects due to large fluctuations arising from rapidly varying biasing forces along the reaction coordinate. 
Energy tables for all stationary points
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